INTRODUCTION
============

The primary cilium is a signaling organelle that projects from the surfaces of specific cell types, including many human tissues. Each cilium is an elongated structure, 1--20 µm in length, consisting of a microtubule-based axoneme organized by the mother centriole. The cilium is bounded by a ciliary membrane that is continuous with the plasma membrane, but differs in composition and programming ([@B36]). Cells with primary cilia have just one cilium per cell, but multiciliated cells are present in some tissues including the brain and trachea. Generally, the function of the primary cilium is to establish a signaling compartment which coordinates events important in normal development and in metabolic or sensory functions specific to each tissue. Cilia-specific signaling pathways vary from tissue to tissue, and in many cases are not well understood. Mutations in proteins that localize to the primary cilium cause a spectrum of diseases and disorders, called ciliopathies ([@B58]). These range from lethal neonatal disorders to retinal degeneration and sensory differences such as anosmia.

Mutation or loss of the protein inversin (INVS) causes complete reversal of left--right body asymmetry (situs inversus, the condition for which the gene was originally named \[ [@B24]\]) and also a recessive form of infantile cystic kidney disease called nephronophthisis (NPHP) ([@B32]; [@B31]; [@B53]; [@B2]). Both left--right asymmetry defects and NPHP are classic examples of ciliopathy. To date, 22 different NPHP genes have been identified, many of which encode proteins that localize to primary cilia. Four NPHP proteins, INVS (NPHP2), NPHP3, NEK8 (NPHP9), and ANKS6 (NPHP16), localize to a distinctive subcompartment within the primary cilium called the inversin compartment (INVc). The INVc is found at the proximal end of the cilium (the end closest to the basal body) and is defined by the localization of the INVS protein ([@B45]). Many examples of primary cilia have been shown to contain an INVc including ductal epithelia from multiple organs in mice ([@B57]; [@B48]; [@B27]), the left--right organizer of the embryonic node ([@B57]; [@B22]; [@B27]), renal epithelial cell lines (mIMCD3: [@B21]; [@B33]; [@B54]; [@B40]; MDCK: [@B29]; Dai1: [@B45]), and fibroblasts (derived from patients, [@B11], and 3T3 cell line, [@B15]). INVc proteins are well conserved in vertebrates, and an INVc-like region containing an INVS homologue has even been described in sensory neuronal cilia in *Caenorhabditis elegans* ([@B56]).

Based on phenotypes in patients and mouse models, the INVc has at least two physiological functions: maintaining tissue integrity in the kidney and left--right asymmetry determination in the early embryo. Control of these phenotypes may require the Wnt ([@B46]; [@B2]; [@B20]; [@B50]), Hippo ([@B11]), or Akt ([@B51]) signaling pathways, which have been linked to the INVc genes.

However, it remains unclear how the unique localization of INVS, NPHP3, NEK8, and ANKS6 to the INVc contributes to these signaling pathways, and so the function of the INVc is still unknown. Interactions have been detected between all four INVc proteins using a combination of affinity purification pull downs to identify interacting proteins ([@B40]; [@B14]) and more directed coimmunoprecipitation experiments using tagged proteins expressed in cell culture ([@B14]; [@B8]). Here, we considered how the direct interactions between the proteins that localize to the INVc may organize or regulate the compartment and how the length of the INVc is determined. We were particularly intrigued by the mechanism of INVc length determination, as it had been reported to vary widely from cilium to cilium ([@B40]). Varying INVc length suggests the presence of an undiscovered mechanism for forming a compartment boundary within the primary cilium that is not bounded by a membrane or known structure.

Electron microscopy (EM) has been used widely to study cilia ultrastructure. However, EM works best for studying either the electron-dense components of the cilium, for example, the axoneme itself ([@B52]), or highly repeating structures such as intraflagellar (IFT) trains ([@B16]) and microtubule inner proteins in motile cilia ([@B49]; [@B34]). In the absence of a robust EM-compatible INVc protein--labeling method, the inherent structural variability observed in the INVc would complicate EM reconstructions of the compartment, so we utilized the specificity of two fluorescence superresolution microscopy techniques, structured illumination microscopy (SIM) and single-molecule superresolution (SM SR) microscopy, both of which have recently been employed to study substructures at the ciliary base ([@B61], [@B60]; [@B17]; [@B43]; [@B4]). Each of these techniques is compatible with immunofluorescence (IF) labeling. Both IF and fluorescently tagged proteins have been previously used to detect the INVc ([@B33]; [@B54]; [@B45], [@B44]; [@B40]; [@B14]; [@B8]; [@B11]; [@B27]). Using SIM to study colocalization of INVc proteins, 3D SM SR microscopy to determine the detailed three-­dimensional (3D) structure of the compartment, and diffraction-­limited microscopy (DLM) to measure the interdependence of the INVc proteins through pairwise correlations and quantitative studies in knockout lines, we present here a surprising new view of the INVc featuring improved detail on its structure and composition.

RESULTS
=======

INVS, ANKS6, NEK8, and NPHP3 localize in the INVc
-------------------------------------------------

Confluent, serum-starved RPE1 cells (a retinal pigment epithelial cell line immortalized with telomerase hTERT) form primary cilia with 90% efficiency. Under these conditions, which were used throughout this study (Supplemental Figure S1A), we found that the INVc can be detected by either indirect IF or GFP-tagging of some INVc components in PFA-fixed cells. As expected, endogenous INVS, detected by anti-INVS, was localized in a distinct proximal ciliary subcompartment, approximately 300 nm above the basal body (inset [Figure 1A](#F1){ref-type="fig"}, diagrammed in more detail in Supplemental Figure S2; 100 cilia from a representative experiment shown in Supplemental Figure S3). ANKS6 and NPHP3 were also detected in the INVc of RPE1 cilia by IF using commercially available antibodies to the endogenous proteins ([Figure 1C](#F1){ref-type="fig"}). NEK8, for which we do not have an efficient antibody, localized to the INVc of RPE1 cells that stably express GFP-NEK8 ([Figure 1B](#F1){ref-type="fig"} Middle). GFP-INVS also localizes to the INVc in RPE1 cells engineered to express GFP-INVS stably ([Figure 1B](#F1){ref-type="fig"}, top). As GFP-ANKS6 and NPHP3-GFP did not localize efficiently to cilia in RPE1 cells, these constructs were not considered reliable INVc reporters (Supplemental Figure S4A). In addition to its localization in the INVc, we also noted that GFP-INVS localized to the ciliary base (likely to the outer distal appendages) and sometimes to the ciliary tip. However, these localizations were not detected for the endogenous INVS protein by staining with anti-INVS (Supplemental Figure S4, C--H), suggesting either that they are normally transient localizations or that these extracompartmental localizations result from tagging the protein.

![INVS, ANKS6, NEK8, and NPHP3 colocalize in the INVc. (A) Subcellular localization of the INVc in confluent, serum-starved WT RPE1 cells. Endogenous INVS (green) was detected by IF with a polyclonal anti-INVS primary and an AF488-conjugated secondary antibody measured by DLM. Cell nuclei ("Nuc.") were labeled with DAPI (shown in gray). Cilia were detected by IF labeling of acetylated tubulin in the ciliary axoneme (AcTub, AF647 secondary, blue) and CEP170 at the basal body (AF568 secondary, red). The merge image of the inset (magenta border) contains only the INVS, AcTub, and CEP170 channels. The schematic of an RPE1 cell (top left, not drawn to scale) illustrates the positioning of the cilium relative to the nucleus in a typical RPE1 cell, as well as the positioning of the cilium relative to the coverslip and microscope objective ("Optics"). Most RPE1 cilia are positioned roughly parallel to the coverslip, as depicted. (B, C) DLM images of cilia with INVcs detected by fluorescence. For each INVc protein (pINVc), cilia from six individual cells have been oriented basal body down, cilium tip up, aligned side by side. (B, top two panels) DLM images of cilia in WT RPE1 cells stably expressing GFP-NEK8 or GFP-INVS. GFP was detected directly by fluorescence of the GFP protein. GFP signal is shown in green and shifted 600 nm to the right of the ciliary markers that were detected by IF: ARL13B (AF647 secondary, blue) and CEP170 (AF568 secondary, red). (B, bottom panel) Schematic illustrating the coloring and relative positioning of fluorescent markers shown in the images in B and C. (C) DLM of WT RPE1 cilia with inversin compartments detected by IF with primary antibodies to endogenous INVc proteins (pINVc): anti-INVS, anti-ANKS6, or anti-NPHP3, all detected with AF488 secondary antibodies and all shown here in green, shifted 600 nm to the right of the axoneme (AcTub, AF647 secondary, blue) and basal body (CEP170, AF568 secondary, red). (D) Pairwise colocalization of all four INVc proteins measured by SIM. GFP-NEK8 was detected by immunolabeling with anti-GFP primary and AF488-conjugated secondary antibodies (green). Endogenous ANKS6, NPHP3, and INVS were detected with specific primary antibodies and AF568-conjugated secondary antibodies (red). Samples were also stained with anti-acetylated tubulin (AcTub) primary detected with AF647-conjugated secondary (blue). Each of the three cilia is shown in a three-color merged image (top row of images) and with the red and blue channels shifted relative to the merge to show each channel individually (bottom row of images). (D, bottom panel) Schematic illustrating the coloring and relative positioning of fluorescent markers in the merged and shifted images. (E) Distribution of absolute INVc lengths measured in µm by DLM of endogenous INVS in WT cells (black, mean = 2.19, stdev = 0.61, *n* = 154) or GFP-INVS in WT cell lines stably expressing GFP fusion proteins (green, mean = 2.87, stdev = 0.70, *n* = 126) in one representative experiment. Only INVS-positive cilia are included. INVc lengths are significantly different between the two cell lines (*p* = 5.94 × 10^--16^). (F) Distribution of relative INVc lengths. INVc length was normalized relative to cilium length: \[length INVc\]/\[length AcTub+ARL13B\]. Endogenous INVS: mean = 0.46, stdev = 0.15, *n* = 154. GFP-INVS: mean = 0.55, stdev = 0.14, *n* = 126. Only INVS-positive cilia are included. Lengths are significantly different between the two cell lines (*p* = 4.00 × 10^--7^). (G) Distribution of INVS densities (see Supplemental Figure S2 for definition) within the INVc, measured as mean pixel intensity in arbitrary units (A.U.) for a manually masked INVS-positive region for the same 126 cilia as measured in E and F. Only INVS-positive cilia are included. Representative images of dim (low density, I), average (medium density, II), and bright (high density, III) compartments are shown.](mbc-31-619-g001){#F1}

The INVc varies in length and INVc length does not correlate with known proximal ciliary structures
---------------------------------------------------------------------------------------------------

In RPE1 cells, the mean INVc length of compartments detected by IF with anti-INVS is 2.2 µm ([Figure 1E](#F1){ref-type="fig"}), or 46% of the cilium length ([Figure 1F](#F1){ref-type="fig"}). As had previously been reported for mIMCD3 cells expressing GFP-INVS ([@B40]), the relative length of the compartment varies substantially from cilium to cilium ([Figure 1, E and F](#F1){ref-type="fig"}). We found that most INVcs are 25--75% of the cilium length. Short compartments occupying just 19--25% of the total cilium length were found in 4% of cilia and long compartments extending from 75% of the cilium length to all the way to the ciliary tip in 3%. Stable expression of GFP-INVS increased both absolute INVc length (mean 2.9 µm, [Figure 1E](#F1){ref-type="fig"}), and relative INVc length (55%, [Figure 1F](#F1){ref-type="fig"}) compared with endogenous INVS compartments. We found no substantial correlation between INVc length and cilia length (Supplemental Figure S5A).

In an attempt to explain the variation in INVc length, we sought to determine whether the length of the INVc could be regulated by proximal structures in the primary cilium other than the known INVc components. We used SIM to measure colocalization between the INVc and the depth of the ciliary pocket, the polyglutamylated region of the axoneme, and the transition zone (TZ). We found that the ciliary pocket can be deeper or shallower than the height of the INVc (Supplemental Figures S5, B--D, and S6), indicating that the length of the INVc does not correlate directly with ciliary pocket depth. We also found that the INVc typically extends farther along the axoneme than the polyglutamylated region (Supplemental Figure S7A), suggesting that the INVc and tubulin polyglutamylation represent two overlapping yet independent ciliary subcompartments in RPE1 cells. Finally, we found that the INVc can begin well above the TZ (Supplemental Figure S8). The TZ and the start of INVc were separated by a median distance of 280 nm (SD 270 nm), which is a relatively large distance on a molecular scale, suggesting that the INVc and the TZ are not directly linked.

Any potential colocalization between IFT and the INVc was also assessed by SIM (Supplemental Figure S9). As expected, IFT88 is most strongly enriched at the base of the cilium, with some IFT protein detected along the axoneme and at the ciliary tip. Axonemal IFT foci did not appear to be especially enriched or excluded either in the INVc or at the proximal and distal INV boundaries. No special relationship was observed between the INVc and axonemal IFT. We also evaluated the colocalization between GFP-INVS and GPR161, a ciliary GPCR that is readily detectable by IF in wild-type (WT) RPE1 cells, and similarly observed no special relationship between GFP-INVS and GPR161 (Supplemental Figure S10B). We also evaluated the colocalization of endogenous INVc proteins (ANKS6 and NPHP3) with another ciliary membrane--associated membrane protein, ARL13B, and again observed neither enrichment nor exclusion from the INVc (Supplemental Figure S10, C and D).

The INVc varies in INVc protein density
---------------------------------------

We noted that the fluorescence intensity of the INVc varies from cell to cell ([Figure 1G](#F1){ref-type="fig"}) regardless of the marker used: antibodies to endogenous proteins or overexpressed GFP alleles of NEK8 or INVS. We interpret fluorescence intensity measured by microscopy as approximately reflecting INVc protein density in the cilium, as discussed in *Materials and Methods* and as diagrammed in Supplemental Figure S2E. Thus, in addition to varying in length, the INVc also varies in INVc protein density. We observe a modest correlation between INVc length and INVc protein density (Supplemental Figure S11, A and B), suggesting some relationship between the number of INVc proteins and the length of the INVc, but not excluding the possibility that INVc length and density are established by independent mechanisms that we explore in the *Discussion*.

SIM of the INVc in GFP-NEK8 cells supports colocalization with INVS, ANKS6, and NPHP3 and suggests an asymmetric periaxonemal structure
---------------------------------------------------------------------------------------------------------------------------------------

By DLM, all four INVc proteins (INVS, NEK8, ANKS6, and NPHP3) appear to colocalize in the INVc. To determine whether these proteins might be arranged within discrete subregions of the compartment that are not resolved by DLM, we used a superresolution-microscopy technique, SIM, to measure the colocalization of each INVc protein by staining for endogenous INVS, ANKS6, and NPHP3 in cells expressing GFP-NEK8. SIM achieves an *XY* resolution of approximately 100 nm and a *Z* resolution of approximately 300 nm ([@B42]). By SIM, we found that INVc proteins still colocalized with each other in the INVc ([Figure 1D](#F1){ref-type="fig"}; 20 additional cilia shown in Supplemental Figures S12--S14). We next considered what could be learned about the spatial arrangement of INVc proteins relative to the axoneme.

The diameter of the ciliary axoneme at the cilium base is 150--200 nm (Supplemental Figure S21, A and B), consistent with that estimated from EM images of RPE1 cells ([@B25]) and mIMCD3 cells ([@B10]; [@B52]), though the axonemes of motile cilia are larger, ∼200--250 nm ([@B6]; [@B30]). In SIM reconstructions of cilia oriented parallel to the imaging plane, as is the case for the majority of RPE1 cilia ([Figure 1A](#F1){ref-type="fig"}), periaxonemal structures are expected to have a hollow signature: two parallel lines of signal (high-intensity pixels) separated by a lower-intensity center (Supplemental Figure S15). This dim center is the space where the axoneme excludes periaxonemal proteins. Consistent with this interpretation, SIM reconstructions of axonemes tend to lack the hollow signature, especially when imaged in the far red channel (AF647), which has a poorer resolution than either AF488 or AF568 (Supplemental Figure S15D and [@B42]).

To establish a reference point for ciliary protein conformations, we measured the localization of ARL13B, an abundant ciliary protein that does not localize exclusively to the INVc, but instead localizes along the length of the axoneme (Supplemental Figure S10, C and D). ARL13B is associated with the inner leaflet of the ciliary membrane via palmitoylation near the N-terminus of the protein ([@B39]), and is therefore expected to exhibit some periaxonemal ciliary localization, but it also interacts with the axoneme ([@B38]). By SIM, ARL13B did appear as two parallel lines along the axoneme with signal symmetrically paired on either side of the axoneme (Supplemental Figures S10, C and D, and S15, B and D), which is consistent with enrichment of ARL13B in the periaxonemal space.

In the vast majority of SIM reconstructions of the INVc, INVc proteins are symmetrically paired, parallel lines ([Figure 1D](#F1){ref-type="fig"}, INVS and NPHP3, and Supplemental Figures S12--S14), indicating that the INVc is a periaxonemal structure. This result is consistent with previously published TEM images of immuno-gold labeled INVS protein, which also showed INVS on either side of the axoneme in a longitudinal section of the cilium, as well as distributed around the axoneme in a cross-section ([@B45]). However, in some SIM reconstructions, INVc proteins were notably arranged around the axoneme asymmetrically ([Figure 1D](#F1){ref-type="fig"}; Supplemental Figures S16 and S17). In [Figure 1D](#F1){ref-type="fig"}, the right side of the INVc, labeled with both INVS and GFP-NEK8, is shorter than the left side (300 nm compared with 700 nm). In the INVc labeled with GFP-NEK8 and ANKS6 ([Figure 1D](#F1){ref-type="fig"}), the INVc signal is almost exclusively on the right side of the axoneme. We examined a total of 354 SIM reconstructions of GFP-NEK8-positive cilia and found that 36% of compartments contained asymmetric subregions ≥300 nm in length (Supplemental Figures S16 and S17). In comparison, 10% of ARL13B reconstructions (*n* = 75) contained such regions (Supplemental Figure S15). The prevalence of asymmetric INVcs observed by SIM suggested that the INVc could be composed of some variable structure that appeared to be evenly distributed about the axoneme in most cilia, but in some cilia could be enriched on one side only. A higher-resolution microscopy technique was needed to measure the spatial arrangement of the INVc structures around the axoneme, which we pursued next.

3D SM SR reveals that the INVc is composed of fibrilloid substructures
----------------------------------------------------------------------

SM SR reconstructions of a whole dye-labeled structure can be created by localizing blinking dye molecules in many image frames. The effective resolution of the reconstruction exceeds the diffraction limit by computational localization of the position of each emitter with a precision that is finer than the diffraction-limited width of the point-spread function (PSF) of the emitter in the image. Conventional SM SR experiments result in 2D reconstructions containing localizations from a roughly 500 nm--deep axial section in the sample (approximately equal to the *Z* resolution of diffraction-limited microscopy). 3D SR methods provide far better resolution in the *Z* direction ([@B55]). Here, we generated 3D SM SR reconstructions of cilia using a double-helix phase mask to transform the conventional PSF of each emitter into a bilobed PSF ([@B35]; [@B63]). The angle of the line between the lobes encodes the *Z* position of the emitter within the sample, allowing a reconstruction depth of approximately 2 µm, far thicker than the ∼500 nm axial range projected onto the plane in a conventional 2D image. Because RPE1 cilia tend to be oriented almost parallel to the coverslip ([Figure 1A](#F1){ref-type="fig"}, top right) and the diameter of a cilium is at most 250 nm, the 2-µm region captured by our 3D SM SR approach was sufficient to measure whole cilia with high *Z* precision in the range ∼10--20 nm. Reconstruction statistics and labeling controls for our experiments are provided in Supplemental Figures S18--S20. This method was used to generate 3D SM SR reconstructions of the INVc and other cilia markers in IF-labeled RPE1 cells. Alexa Fluor (AF647) was used for labeling of all INVc proteins. For two-color 3D SM SR experiments, CF568 was used to label the axoneme with either anti-acetylated tubulin ([Figure 2A](#F2){ref-type="fig"} and Supplemental Figure S21, A--C) or anti-polyglutamylated tubulin (Supplemental Figure S21D).

![3D SM SR reconstructions of the INVc and other ciliary markers. All localizations in the reconstructions are represented by 3D Gaussians with diameter 25 nm and an opacity set to show the localization density. Cilia are generally oriented tip up. Asterisks (\*) indicate reconstructions for which supplemental movies and reconstruction statistics are provided (Supplemental Movies 1--4 and Supplemental Figures S18 and S19). (A) Two-color 3D SM SR reconstruction of a cilium immunolabeled with anti-NPHP3 to detect the INVc (AF647 secondary, green) and anti-acetylated tubulin to detect the axoneme (AcTub, CF568 secondary, magenta). Multiple views of the same cilium are shown, including diffraction-limited (D.L.) images of each channel separately and a merge (top left), SM SR reconstructions of each channel and a merge (top middle), rotated and tilted views of the merge (bottom), and cross-sections of three different regions of the INVc (top right). Cross-sections: the position and length of each region are annotated to the left of its corresponding cross-section. Rotated and tilted views: the *XYZ*-axes accompanying each reconstruction are defined by the position of the sample relative to the microscope, where the *Z*-axis represents sample depth as illustrated in the schematic in panel B. The "tilted view" is a tilted perspective viewing along the ciliary axis from ciliary tip (foremost) to base. The other three views (bottom right) are rotations of the reference image (connected by white arrows) around the *Y*-axis only. The degree of rotation is noted at the ciliary tip and is illustrated by the axes pinned to the ciliary base. The INVc (NPHP3) in this cilium appears to contain two linear substructures, "fibrilloids," which are traced on a duplication of the 180° *Y*-rotation view (bottom right corner). (B--F) Single-color 3D SM SR reconstructions of ciliary proteins immunolabeled with specific primary antibodies and AF647-conjugated secondary antibodies. The color of each localization in the reconstruction maps to its *Z*-position in the sample. The depth range of the color scale is unique to each reconstruction. The 0 position (purple) is the edge of the reconstruction volume closest to the coverslip, not a fixed position relative to the sample stage. (B) Top: schematic defining the *XYZ*-axes of the sample, the coverage of the depth color scale used in single-color 3D SM SR reconstructions, and the relative orientations of the microscope objective ("Optics"), the coverslip, and an RPE1 cell with a cilium and nucleus ("Nuc.") Objects are not drawn to scale. Bottom: 3D SM SR reconstruction of a cilium stained with anti-ARL13B to detect a ciliary protein independent of the INVc. Multiple views of the same cilium are shown (as in A): a D.L. image, cross-sections, and *Y*-axis rotations. (C) 3D SM SR reconstruction of a cilium stained with anti-INVS to detect the inversin compartment. Multiple views of the same cilium are shown (as in A and B): a D.L. image, cross-sections, and *Y*-axis rotations. The compartment in this reconstruction has four fibrilloids. (D--F) 3D SM SR reconstructions of multiple INVcs detected with either anti-INVS (D), anti-ANKS6 (E), or anti-NPHP3 (F). A single view of each cilium is shown (four cilia per panel, total 12 unique cilia in D--F). The number of fibrilloids counted in each reconstruction is noted at the bottom. (G) Distribution of the number of fibrilloids per cilium observed in 3D SM SR reconstructions of INVcs detected by immunolabeling for INVS, ANKS6, or NPHP3. Reconstructions of these INVcs are shown in panels C--F and Supplemental Figure S21, F--H. (H) Distribution of the lengths of individual fibrilloids measured in INVcs detected by INVS, ANKS6, or NPHP3 (as in G). From reconstructions of 18 compartments, a total of 58 fibrilloids were measured. The afibrilloid compartment in Supplemental Figure S21G is excluded from this graph.](mbc-31-619-g002){#F2}

###### Movie S1

Two-color 3D SM SR reconstruction of a cilium where NPHP3 (green) and AcTub (magenta) are labeled.

Movie S1

###### Movie S2

3D SM SR reconstruction of a cilium where ARL13B is labeled. Color corresponds to Z position in the sample.

Movie S2

###### Movie S3

3D SM SR reconstruction of a cilium where INVS is labeled. Color corresponds to Z position in the sample.

Movie S3

###### Movie S4

3D SM SR reconstruction of a cilium where ANKS6 is labeled. Color corresponds to Z position in the sample.

Movie S4

###### Movie S5

3D SM SR reconstruction of a cilium where NPHP3 is labeled. Color corresponds to Z position in the sample.

Movie S5

Two-color 3D SM SR experiments labeling both the axoneme (AcTub, [Figure 2A](#F2){ref-type="fig"}) and the INVc (NPHP3, [Figure 2A](#F2){ref-type="fig"}) further confirmed that the INVc is a periaxonemal structure. Cross-sections of the reconstruction show that NPHP3 is excluded from the central acetylated tubulin-positive region ([Figure 2A](#F2){ref-type="fig"}). NPHP3 was enriched in a subcompartment of the primary cilium, which, in the example shown ([Figure 2A](#F2){ref-type="fig"}), occupied approximately 60% of the total ciliary length, starting approximately 300 nm from the base of the acetylated tubulin-positive axoneme and ending about 1 µm from the tip of the axoneme.

3D SM SR measurements of the axoneme demonstrate that the axoneme itself does not appear hollow for most of its length. A 3D SM SR reconstruction of an axoneme that is hollow at the ciliary base is provided in Supplemental Figure S21, A and B. While this is contrary to most conceptual models of the axoneme, which is frequently modeled as a hollow cylinder, these data are actually consistent with 3D ultrastructural studies using EM to measure the axonemes of mIMCD3 cells, in which a hollow center is only present at the base of the axoneme (the classic 9+0 arrangement reported for primary cilia) and most of the axoneme is composed of a more variable arrangement of the 9 doublets (9v arrangement), which eventually tapers into \<9 singlets at the ciliary tip ([@B10]; [@B52]).

Consistent with the INVc asymmetries first observed by SIM, 3D SM SR reconstructions demonstrated that NPHP3 is not evenly distributed around the axoneme. The asymmetry in NPHP3 distribution in [Figure 2A](#F2){ref-type="fig"} is most apparent in the two cross-sections from the distal end of the compartment, in which NPHP3 was enriched either in one cluster (top cross-section) or two distinct clusters on opposite sides of the axoneme (middle cross-section). In the four views of the compartment where the reconstruction has been rotated around the *Y*-axis, we observe that the two opposed clusters in the cross-section actually represent top-down views of two linear fibril-like arrangements of NPHP3 protein that run most of the length of the INVc. From here on, we refer to these linear arrangements as "fibrilloids," to reflect uncertainty as to whether these linear structures are true fibrils, which would be continuous polymers, or linear collections of INVc proteins arranged by an alternative mechanism. The reconstruction in [Figure 2A](#F2){ref-type="fig"} demonstrates how a fibrilloid-based INVc could appear in SIM reconstructions to be either symmetrically or asymmetrically distributed about the axoneme: the 0°- and 180°-rotated views of the reconstruction would have nearly symmetric distributions of NPHP3 along the axoneme; the 80° reconstruction measured by SIM, however, would have an asymmetric periaxonemal configuration in which the NPHP3 signal in the distal compartment would be enriched on the left side.

The ciliary protein ARL13B does not form fibrilloids
----------------------------------------------------

ARL13B was again imaged as a reference for an INVc-independent ciliary protein. Cilia in WT RPE1 cells were indirectly fluorescently labeled using a polyclonal primary antibody against ARL13B and an AF647-conjugated secondary antibody, and then imaged by SM SR using the same conditions and setup as for the INVc proteins. Multiple views of one ARL13B reconstruction are shown in [Figure 2B](#F2){ref-type="fig"} (additional cilia in Supplemental Figure S21E). For 3D display, all single-color reconstructions are rendered so that the color of each localization corresponds to its *Z* position in the reconstruction space. This is diagrammed showing the relative positions of the sample and optical setup in the schematic in [Figure 2B](#F2){ref-type="fig"}. The 3D reconstructions of ARL13B demonstrated that this protein was mostly excluded from the center of the cilium where the axoneme is positioned ([Figure 2B](#F2){ref-type="fig"}, cross-sections). Furthermore, the diameter of the base of the ARL13B reconstruction was 300 nm, whereas the diameter at the base of the acetylated tubulin reconstruction ([Figure 2A](#F2){ref-type="fig"}) was 180 nm, supporting the interpretation that ARL13B primarily localizes to the space around the axoneme. Importantly, within the periaxonemal region where ARL13B was enriched, ARL13B proteins were evenly distributed both around the axoneme ([Figure 2B](#F2){ref-type="fig"} cross-section) and along the axoneme ([Figure 2B](#F2){ref-type="fig"} shows rotated *Y*-axis views). Thus ARL13B forms a continuous sheath that is distinct from the fibrilloids observed in the INVc. ARL13B reconstructions typically contained 6× more localizations than INVc protein reconstructions. To confirm that the fibrilloid arrangement observed in INVc protein reconstructions was not an artifact of sparse reconstruction, we resampled an ARL13B localization data set and generated new reconstructions using a number of localizations typically contained in an INVS 3D SM SR reconstruction (Supplemental Figure S22). As expected, sparse reconstructions of ARL13B did not have a fibrilloid arrangement, but showed even distribution of ARL13B protein throughout the ciliary volume. This continuous structure observed for ARL13B is completely different from the distinctive fibrilloid substructures observed in 3D SM SR reconstructions of the INVc proteins ([Figure 2A](#F2){ref-type="fig"}, NPHP3), supporting the conclusion that the measured INVc substructure is not an artifact and appears to be unique to the INVc.

INVS, ANKS6, and NPHP3 share a fibrilloid substructure
------------------------------------------------------

To determine how widely the fibrilloid substructure of the INVc was observed, we generated single-color 3D SM SR reconstructions of multiple cilia from WT RPE1 cells by IF with anti-INVS, anti-ANKS6, or anti-NPHP3 using AF647-conjugated secondary antibodies. GFP-NEK8 was not included in these experiments, as it was our lowest-density INVc marker. Multiple views of the INVc of one cilium detected by labeling of INVS are shown in [Figure 2C](#F2){ref-type="fig"}. Similarly to NPHP3, measured in [Figure 2A](#F2){ref-type="fig"}, cross-sections of this cilium reveal that INVS was not evenly distributed around the axoneme. The clusters around the axoneme when viewed in the cross-section correspond to fibrilloids. These are best seen in the side views of the reconstruction and in Supplemental Movie 3. Rotation of this reconstruction around the *Y*-axis demonstrates that this particular compartment would appear from any angle to be symmetrically arranged around the axoneme if the same compartment were measured by SIM. This particular compartment is composed of four fibrilloids. Measurements of additional cilia also labeled with INVS ([Figure 2D](#F2){ref-type="fig"} and Supplemental Figure S21F) demonstrate that the number of fibrilloids varies from cilium to cilium, though the compartment was essentially always composed of fibrilloids. Reconstructions of ANKS6 ([Figure 2E](#F2){ref-type="fig"} and Supplemental Figure S21G) tended to be sparser (fewer localizations), but suggested that ANKS6 also localizes to multiple fibrilloid structures in the INVc. Single-color measurements of NPHP3 ([Figure 2F](#F2){ref-type="fig"} and Supplemental Figure S21H) demonstrated that NPHP3 also localizes to multiple fibrilloid structures with variable fibrilloid number.

INVc fibrilloids vary in number and length
------------------------------------------

The number of fibrilloids counted for each 3D SM SR reconstruction of INVS, ANKS6, and NPHP3 varied from cilium to cilium ([Figure 2, C--F](#F2){ref-type="fig"}); all but one of the compartments measured appeared to have a fibrilloid substructure (Supplemental Figure S21G). Fibrilloid number ranged from one to five fibrilloids, with a mean of three fibrilloids per INVc. Given the relatively small number of cilia explored with 3D SM SR reconstructions, measurements of fibrilloid number from all single-color 3D reconstructions of INVS, ANKS6, and NPHP3 (19 cilia total) were combined to present the distribution of fibrilloid number per cilium measured in this study ([Figure 2G](#F2){ref-type="fig"}). The lengths of individual fibrilloids varied from 0.5 to 3 µm, with a median length of 1.2 µm ([Figure 2H](#F2){ref-type="fig"}). The longest compartments tended to have more fibrilloids (Supplemental Figure S21I); however, individual fibrilloid length did not correlate with total compartment length (Supplemental Figure S21J). As both SIM and 3D SM SR microscopy require well labeled structures for interpretable reconstructions, the INVc-positive cilia, which were chosen for either 3D SM SR or SIM reconstructions, tended to be among the brightest or most densely labeled compartments present in the sample. We note that this bias may select for long compartments, compartments with high fibrilloid number, and symmetric compartments in SIM measurements.

On the internal features of fibrilloids
---------------------------------------

The diameter of the compartment measured by 3D SM SR imaging, which corresponds to the largest distance observed between two fibrilloids on opposite sides of the axoneme, was approximately 200 nm ([Figure 2, A and C](#F2){ref-type="fig"}). The full-width half-maximum (FWHM) diameter of individual fibrilloids was measured to be 40 ± 7 nm (mean ± SD) derived from five fibrilloid measurements per cilium for three cilia for each protein measured. We estimate that labeling with primary and secondary antibodies could be responsible for up to 35 nm of this width. Each fibrilloid appeared to be composed of a series of clusters. A single cluster contained 50--100 distinct localizations (corrected for potential overcounting; see *Materials and Methods*). These clusters were spaced 0--120 nm apart (measured from centroid to centroid) with intervening dark regions in which there were almost no localizations. It is unclear whether the dark regions represent true gaps in the structure where there were truly no immunolabeled INVc proteins, or whether they are a result of a spatial limitation of indirect immunolabeling using polyclonal antibodies. In the indirect immunolabeling protocols used to prepare samples in this study, a single INVc protein molecule was bound by an unknown number of primary antibodies, which were also bound by an unknown number of secondary antibodies. A single protein of interest (INVS, ANKS6, or NPHP3) is thus likely represented by more than one localization. It is also possible that these gaps represent a fixation artifact that fragments what would otherwise be continuous INVc fibrils. Of note, the structural gaps detected in the 3D SM SR reconstructions of the INVc do not seem to correspond to the spacings observed in SIM reconstructions of the same proteins. Gaps in the 3D SM SR reconstructions were typically much smaller (40 nm) than what we expect to be resolved by SIM (100 nm). Additionally, no gaps were observed in 3D SM SR reconstructions of ARL13B or polyglutamylated tubulin (Supplemental Figure S21D), whereas SIM reconstructions of both ARL13B and polyglutamylated tubulin (Supplemental Figure S15B) featured a regular spacing, or granular appearance, similar to that observed for INVc proteins also imaged by SIM. On the basis of these observations, we conclude that the spacing observed in SIM reconstructions of INVc proteins ([Figure 1D](#F1){ref-type="fig"}) may not represent true distributions of INVc proteins in the compartment, but might rather be a consequence of the SIM imaging and reconstruction technique.

Genetic dissection of INVc assembly by CRISPR editing of all four INVc genes
----------------------------------------------------------------------------

To determine the functional relationships between the four INVc proteins, we generated knockout (KO) cell lines of each INVc gene (gINVc) using guide RNA--directed CRISPR gene editing to introduce frame shift mutations in the INVS, NEK8, ANKS6, or NPHP3 genes in an RPE1 cell line stably expressing C-terminally BFP-tagged Cas9 nuclease ([@B17]; Supplemental Figures S23--S26). We first determined that ciliation frequency and cilia length were not affected by loss of INVS, NEK8, ANKS6, or NPHP3 (Supplemental Figure S27). Next, we assessed the effect of loss of each gene on the formation and composition of the INVc. Ciliary localization of endogenous INVS, ANKS6, and NPHP3 detected by IF was measured by DLM in unedited WT RPE1 cell lines, and gINVc-KO cell lines ([Figure 3B](#F3){ref-type="fig"}; quantified in [Figure 3C](#F3){ref-type="fig"} and Supplemental Figure S28). Ciliary localization of NEK8 was measured by GFP fluorescence in WT and gINVc-KO cell lines stably expressing GFP-NEK8 ([Figure 3B](#F3){ref-type="fig"}; expression of the GFP fusion protein is confirmed by immunoblot in Supplemental Figure S29B), which fully rescued NEK8-KO cells (Supplemental Figure S30). Ciliary localization of GFP-INVS was also measured by GFP fluorescence in WT and INVc-KO cell lines stably expressing GFP-INVS ([Figure 3C](#F3){ref-type="fig"}; expression confirmed by immunoblot Supplemental Figure S29A), which fully rescued INVS-KO cells (Supplemental Figure S31).

![INVS is the primary organizer of the INVc. (A) Schematic illustrating the coloring and relative positioning of fluorescent markers in the images in B. (B) DLM images of cilia in which endogenous INVS, ANKS6, and NPHP3 were detected by IF (green, left three columns) in WT RPE1 cells and INVS-KO, ANKS6-KO, NEK8-KO, and NPHP3-KO cell lines. Each genotype is represented by a single row. GFP fluorescence measured by DLM in WT RPE1 cells and INVS-KO, ANKS6-KO, NEK8-KO, and NPHP3-KO cell lines stably expressing GFP-NEK8 or GFP-INVS (green, right two columns). In all samples, ARL13B (red) and AcTub (blue) were detected by IF to mark cilia. Six representative cilia are shown in each subpanel. Additional images are provided in Supplemental Figures S23--S25, S30, and S31. (C) Quantification of ciliary density (arbitrary units, A.U.) and INVc frequency for fluorescent INVc markers (anti-INVS, anti-ANKS6, anti-NPHP3, GFP-NEK8, and GFP-INVS, all shown in green in B) measured in WT and gINVc-KO cell lines. Ciliary area was masked using the ARL13B and AcTub channels. Ciliary densities measured for each sample are plotted as a box plot (bottom axis) on top of a gray bar representing the percentage of cilia that contained an INVc (top axis). The number of cilia (*n*) measured for each condition (sum of two replicates) is reported to the right of each box/bar. See *Materials and Methods* for a description of the statistics represented by these box plots. Supplemental Figure S28 reports the results of pairwise *t* tests performed for each sample represented in this panel.](mbc-31-619-g003){#F3}

ANKS6, NEK8, and NPHP3 fail to localize to the INVc in INVS-KO cells
--------------------------------------------------------------------

Consistent with previously published results, we found that localization of ANKS6 ([@B14]), NEK8 ([@B44]), and NPHP3 ([@B44]) all depend on INVS, as neither endogenous ANKS6, NPHP3, nor GFP-NEK8 was found in the proximal cilia of INVS-KO cells ([Figure 3, B and C](#F3){ref-type="fig"}). Localization of ANKS6 and NPHP3 was restored in INVS-KO cells by stable expression of GFP-INVS ([Figure 4, A, B, D, and E](#F4){ref-type="fig"}, and Supplemental Figure S31). The ciliary densities of endogenous ANKS6 ([Figure 4C](#F4){ref-type="fig"} and Supplemental Figures S31, A, C, and D, and S32) or NPHP3 ([Figure 4, D and E](#F4){ref-type="fig"}, and Supplemental Figures S31, B--D, S32F, S33, and S34B) were rescued to densities comparable to those observed in WT cells. Similarly to WT cells stably expressing GFP-INVS, INVS-KO cells rescued with GFP-INVS had compartments longer than endogenous INVcs (Supplemental Figure S31D). The expression of GFP-NEK8 had no effect on INVc lengths (Supplemental Figure S30F). In contrast to GFP-NEK8 and ANKS6, which were not detected in INVS-KO cilia, NPHP3 still localized to INVS-KO cilia, albeit with substantial deficit in NPHP3 protein density and subciliary localization. In INVS-KO cells, NPHP3 was present at significantly reduced levels compared with those in WT cilia ([Figure 3C](#F3){ref-type="fig"}, Supplemental Figure S28C, [Figure 4F](#F4){ref-type="fig"}, and Supplemental Figure S34B) and localized along the full length of the cilium rather than being concentrated in the proximal half of the cilium, as it is when localized to the INVc in WT cells. Overall, although INVS appears most important for INVc assembly, INVS, ANKS6, and NEK8 appear to cooperate to establish the INVc and to sequester NPHP3 within the compartment.

![ANKS6 and NEK8 link NPHP3 to INVS. (A) Schematic illustrating the coloring and relative positioning of fluorescent markers in the images in B. (B) DLM of ANKS6 detected by IF (AF568 secondary, red) in WT, INVS-KO, ANKS6-KO, NEK8-KO, and NPHP3-KO cell lines stably expressing GFP-INVS. GFP-INVS was detected by native GFP fluorescence (green). ARL13B (AF647 secondary, blue) marks the whole cilium. Additional images are provided in Supplemental Figure S32. (C) Mean ANKS6 density, measured as mean pixel intensity of the red channel in the ciliary region defined by ARL13B (arbitrary units, A.U.) in WT, INVS-KO, ANKS6-KO, NEK8-KO, and NPHP3-KO cell lines either not transduced (NT,-) or stably expressing GFP-INVS (+). Number of cilia (*n*) measured for each condition is noted to the right. See Supplemental Figure S34A for results of pairwise *t* tests performed for each sample represented in these plots. Supplemental Figure S32F provides INVc-specific density measurements. (D) Schematic illustrating the coloring and relative positioning of fluorescent markers in the images in E. (E) DLM of NPHP3 detected by IF (AF568 secondary, red) in WT, INVS-KO, ANKS6-KO, NEK8-KO, and NPHP3-KO cell lines stably expressing GFP-INVS. GFP-INVS detected by native GFP fluorescence (green). ARL13B (AF647 secondary, blue) marks the whole cilium. Additional images are provided in Supplemental Figure S33. (F) Mean ciliary intensity of NPHP3 in WT, INVS-KO, ANKS6-KO, NEK8-KO, and NPHP3-KO cell lines stably expressing GFP-INVS. Number of cilia (*n*) measured for each sample noted. See Supplemental Figure S34B for results of pairwise *t* tests performed for each sample represented in these plots. Supplemental Figure S32F provides INVc-specific density measurements. (G--J) Scatterplots and pairwise correlations of GFP-NEK8 or GFP-INVS (*X*-axis) with ANKS6 and NPHP3 (*Y*-axis) in WT RPE1 cells stably expressing GFP-NEK8 or GFP-INVS (see Supplemental Figure S36 for similar measurements for NEK8-KO cells rescued with GFP-NEK8 and INVS-KO cells rescued with GFP-INVS). GFP-NEK8 and GFP-INVS were detected directly by native GFP fluorescence and endogenous ANKS6 and NPHP3 were detected by indirect IF with AF568 secondary (as in B and E). The densities of the GFP-alleles and endogenous proteins within the INVc were measured as the mean pixel intensity in arbitrary units (A.U.) within a user-defined subcompartment mask drawn around the GFP and/or AF568-positive region of each cilium. (G) Correlation between ANKS6 and GFP-NEK8, *n* = 79, Pearson's *r* value: *r* = 0.804 (*p* = 4.81 × 10^--19^). (H) Correlation between NPHP3 and GFP-NEK8, *n* = 79, Pearson's *r* value: *r* = 0.726 (*p* = 2.62 × 10^--15^). (I) Correlation between ANKS6 and GFP-INVS, *n* = 86, Pearson's *r* value: *r* = -0.0743 (*p* = 0.497). (J) Correlation between NPHP3 and GFP-INVS, *n* = 78, Pearson's *r* value: *r* = -0.0139 (*p* = 0.904). (K) Diagram of hierarchical order of dependence for the localization of INVS, ANKS6, NEK8, and NPHP3 in the INVc, determined by IF of each INVc protein in gINVc-KO cells and gINVc-KO cells rescued with GFP-INVS.](mbc-31-619-g004){#F4}

ANKS6 and NEK8 are required for endogenous INVc assembly in RPE1 cells
----------------------------------------------------------------------

It was previously shown that ANKS6 fails to localize to the INVc in NEK8-deficient cilia ([@B8]; [@B11]). Here we show that NEK8 localization to the INVc depends on ANKS6, as GFP-NEK8 failed to localize to the INVc in ANKS6-KO cell lines ([Figure 3B](#F3){ref-type="fig"}). While it has previously been shown that INVS regulated the localization of ANKS6 ([@B14]; [@B27]), NEK8 ([@B44]; [@B27]), and NPHP3 ([@B44]; [@B27]), we were surprised to find that INVcs detected by an antibody to the endogenous INVS protein were reduced in frequency and density in both NEK8-KO and ANKS6-KO cells ([Figure 3B](#F3){ref-type="fig"}, far left). Thus, ANKS6 and NEK8 regulate endogenous INVS in RPE1 cells. Contrary to the behavior observed for endogenous INVS, we found that GFP-INVS formed INVcs efficiently when stably expressed in ANKS6-KO cells and NEK8-KO cells ([Figure 3B](#F3){ref-type="fig"}, far right). Thus, ANKS6 and NEK8 do not regulate the localization of stably expressed GFP-tagged INVS.

Consistent with a reduction in ciliary localization of endogenous INVS, ANKS6-KO and NEK8-KO cells phenocopied INVS-KO cells, exhibiting the striking NPHP3 relocalization described above. Overall levels of ciliary NPHP3 were also reduced in both NEK8-KO and ANKS6-KO cells (quantified in [Figure 3C](#F3){ref-type="fig"}). Localization of INVS, ANKS6, and NPHP3 was rescued by stable expression of GFP-NEK8 in NEK8-KO cells (Supplemental Figure S30, A and B). Stable overexpression of GFP-NEK8 did not appear to affect the range of protein densities of endogenous ANKS6, NPHP3, or INVS compared with those in WT cells ([Figure 3C](#F3){ref-type="fig"}), nor did it affect INVc length (Supplemental Figure S30F).

INVS and ANKS6 still localize to the INVc in NPHP3-KO cells
-----------------------------------------------------------

Localization of endogenous INVS and ANKS6 were not affected in NPHP3-KO cells ([Figure 3B](#F3){ref-type="fig"}). Localization of GFP-NEK8 in NPHP3-KO cells was not assessed, as we were unable to generate an NPHP3-KO cell line stably expressing GFP-NEK8, suggesting that NPHP3 may regulate NEK8 at some step preceding compartment assembly at which the constitutively expressed GFP-fusion protein is especially sensitive. On the basis of our observations that endogenous INVS and ANKS6 require NEK8 to assemble in the INVc, and that the localization of these two proteins are unaffected in NPHP3-KO cells, we expect that endogenous NEK8 also does not depend on NPHP3 for localization.

INVS localizes ANKS6 in the INVc, but ANKS6 density is regulated by NEK8
------------------------------------------------------------------------

Although loss of ANKS6 or NEK8 by CRISPR gene editing nearly eliminated INVcs defined by the endogenous INVS protein ([Figure 3B](#F3){ref-type="fig"}), forced expression of GFP-INVS in NEK8-KO cells led to the robust formation of GFP-INVS-positive compartments, referred to as GFP-INVS^NEK8--KO^ compartments, in a high proportion of cells (\>90%; [Figures 3C](#F3){ref-type="fig"} and [4, C and F](#F4){ref-type="fig"}). To determine whether ANKS6 or NEK8 is more upstream in the INVc assembly pathway, we stained for endogenous ANKS6 protein in NEK8-KO cells expressing GFP-INVS. Some ANKS6 protein was detectable in GFP-INVS^NEK8--KO^ compartments ([Figure 4B](#F4){ref-type="fig"}); however, ANKS6 density was substantially decreased in GFP-INVS^NEK8--KO^ cilia compared with cilia of WT cells ([Figure 4C](#F4){ref-type="fig"} and Supplemental Figure S34A). To more closely examine ANKS6 localization in GFP-INVS^NEK8--KO^ compartments, we measured the localization of GFP-INVS and ANKS6 by SIM (Supplemental Figure S35). In NEK8-KO cells, GFP-INVS does in fact effectively sequester ANKS6 in the compartment, as ANKS6 was found only in the region of the cilium that was also positive for GFP-INVS (Supplemental Figure S35D). The failure of GFP-INVS to concentrate ANKS6 in NEK8-KO cells is not a defect of the GFP-INVS allele, as GFP-INVS rescues ANKS6 to WT density levels when expressed in INVS-KO cells (Supplemental Figure S23E). This result suggests that ANKS6 physically associates with INVS independent of NEK8, and that NEK8 and INVS regulate distinct aspects of ANKS6 assembly in the INVc: INVS regulates ANKS6 compartmentalization (localization), whereas NEK8 regulates ANKS6 density within the INVc (concentration).

ANKS6 and NPHP3 protein densities in the INVc correlate with GFP-NEK8, but not with GFP-INVS
--------------------------------------------------------------------------------------------

To further evaluate how combinations of INVc proteins might influence their respective distributions within the same compartment, we measured the correlation between INVc specific densities of endogenous ANKS6 and NPHP3 and either GFP-NEK8 or GFP-INVS ([Figure 4, G--J](#F4){ref-type="fig"}, and Supplemental Figure S36). ANKS6 and GFP-NEK8 protein densities are strongly correlated with one another ([Figure 4G](#F4){ref-type="fig"} and Supplemental Figure S36A), indicating that these two proteins assemble in the INVc as stoichiometric complexes. In contrast, ANKS6 density does not correlate with GFP-INVS density ([Figure 4I](#F4){ref-type="fig"} and Supplemental Figure S36C), suggesting that, although INVS is required for ANKS6 localization to the INVc, the number of INVS proteins in an INVc is not a good predictor for the number of ANKS6 proteins. NPHP3 is moderately correlated with GFP-NEK8 ([Figure 4H](#F4){ref-type="fig"} and Supplemental Figure S36B) and not correlated with GFP-INVS ([Figure 4J](#F4){ref-type="fig"} and Supplemental Figure S36D), supporting a model in which NPHP3 interacts more directly with NEK8 than INVS and suggesting that the interaction between NEK8 and NPHP3 occurs with some predictive stoichiometry. We also assessed the localization of the first 200 amino acids of NPHP3 tagged with GFP (NPHP3(1-200)-GFP) relative to endogenous INVS by SIM. NPHP3(1-200)-GFP fails to be sequestered in the INVc (Supplemental Figure S37), suggesting that the C-terminus of NPHP3 is important for its interaction with the ANKS6-NEK8 complex.

Both ANKS6 and NEK8 are required downstream of INVS for localization and concentration of NPHP3 in the INVc
-----------------------------------------------------------------------------------------------------------

We were surprised to find that GFP-INVS does not rescue localization of endogenous NPHP3 to the INVc in either NEK8-KO cells or ANKS6-KO cells ([Figure 4E](#F4){ref-type="fig"}). In both GFP-INVS^NEK8--KO^ and GFP-INVS^ANKS6--KO^ compartments, NPHP3 protein was not only reduced in density (quantified in [Figure 4F](#F4){ref-type="fig"} and Supplemental Figure S34), but was also redistributed from the INVc to the whole length of the cilium, as in INVS-KO cells ([Figure 5](#F5){ref-type="fig"}; additional reconstructions provided in Supplemental Figures S38--S44). Ciliary localization of NPHP3 had previously been established to depend on a myristoylated protein trafficking pathway involving UNC119, ARL3, RP2,and ARL13B ([@B59]). The residual presence of some NPHP3 in either INVS-KO or otherwise INVc-deficient cilia suggests that the myristoylated protein trafficking pathway does not act downstream of the INVc, but rather first establishes a ciliary pool of NPHP3 protein, which is then sequestered and concentrated in the INVc by ANKS6 and NEK8. Because of these two regulatory pathways, NPHP3 is capable of two distinct ciliary localization patterns.

![SIM of two ciliary localization patterns of NPHP3. (A) SIM IF of NPHP3 (red, AF568 secondary) in a RPE1 cell lines of relevant genotypes. One cilium per genotype is shown in each column (left to right): WT and INVS-KO cell lines; WT, INVS-KO, ANKS6-KO, and NEK8-KO cell lines stably expressing GFP-INVS (green, detected with anti-GFP primary antibody, AF488 secondary). Acetylated tubulin (AcTub, AF647 secondary, blue) marks the axoneme. Top row: three-color merges of NPHP3, GFP-INVS, and AcTub. Bottom row: each color is shifted to show each channel individually, left to right: AcTub, GFP-INVS, and NPHP3. Pound symbols (\#) mark cilia in which NPHP3 is not localized in the INVc. Additional reconstructions are provided in Supplemental Figures S38--S44. (B) Schematic illustrating the coloring and relative positioning of fluorescent markers in the images in A. (C) Frequency of cilia in which NPHP3 is localized within the INVc for each cell line, assessed by SIM reconstructions as shown in A and Supplemental Figures S38--S44. Only NPHP3-positive cilia are included. For GFP-INVS cell lines, only cilia which were positive for both NPHP3 and GFP are included.](mbc-31-619-g005){#F5}

In the absence of NEK8, GFP-INVS and ANKS6 failed to sequester NPHP3 within the INVc in at least 77% of the cilia assessed by SIM ([Figure 5, A and C](#F5){ref-type="fig"}, and Supplemental Figure S42). In ANKS6-KO cells expressing GFP INVS, NPHP3 was similarly mislocalized in at least 44% of cilia ([Figure 5, A and C](#F5){ref-type="fig"}, and Supplemental Figure S43). These numbers are conservative estimates, as the substantial number of cilia still reported as having INVc-NPHP3 localization are likely explained by cases in which INVc extends all the way to the tip of the cilium (arrows, Supplemental Figures S42 and S43). In these cases, we interpret NPHP3 localization as in the compartment. Together, the deficit in NPHP3 concentration and frequent mislocalization in GFP-INVS^ANKS6--KO^ and GFP-INVS^NEK8--KO^ compartments support a model in which NPHP3 is physically uncoupled from the INVc in the absence of either ANKS6 or NEK8.

Previous studies suggested that INVS and NPHP3 physically interact with one another ([@B3]; [@B40]) and that NPHP3 localization to the INVc is dependent on INVS ([@B44]). Our data suggest that localization of NPHP3 to the INVc also requires both ANKS6 and NEK8. Interactions between NPHP3 and NEK8 and ANKS6 have also been shown by coimmunoprecipitation ([@B14]; [@B8]). Intriguingly, the interaction between NEK8 and NPHP3 was shown to be enhanced by coexpression of ANKS6 ([@B14]). Our data showing that NPHP3 is mislocalized and reduced in density to a similar extent in both GFP-INVS^ANKS6--KO^ and GFP-INVS^NEK8--KO^ compartments suggest either that NPHP3 interacts directly with NEK8, or that NEK8 is required in some way for ANKS6 to bind NPHP3 in the INVc. If NPHP3 interacts directly with NEK8, we can infer that NEK8 is not present in GFP-INVS^ANKS6--KO^ compartments where NPHP3 is not sequestered in the compartment. In fact, direct interaction between NPHP3 and ANKS6 would require or be enhanced by NEK8, as GFP-INVS^NEK8--KO^ compartments contain a reduced but detectable amount of ANKS6 protein, which is insufficient to sequester NPHP3 in the compartment (SIM reconstructions of ANKS6 in gINVc-KO cell lines expressing GFP-INVS are provided in Supplemental Figures S45--S49 and summarized in Supplemental Figure S35).

While INVS is undoubtedly required for NPHP3 to localize in the compartment, it is unclear whether NPHP3 and INVS actually interact physically within the compartment. The requirement of ANKS6 and NEK8 suggests that these proteins could bridge an indirect interaction between INVS and NPHP3. This model is supported by the stronger correlation observed between GFP-NEK8 and NPHP3 ([Figure 4H](#F4){ref-type="fig"}) than GFP-INVS and NPHP3 ([Figure 4J](#F4){ref-type="fig"}), suggesting, as in the case of GFP-NEK8 and ANKS6, that NEK8 (or possibly NEK8 and ANKS6 together) stoichiometrically regulates the amount of NPHP3 concentrated in the INVc.

Kinase-inactivating and JCK mutations in NEK8 do not affect INVc assembly
-------------------------------------------------------------------------

An attractive mechanism by which NEK8 might facilitate interaction between ANKS6 and NPHP3 might involve NEK8 establishing activating phosphorylation on either protein. However, we find that NEK8 kinase activity is dispensable for NPHP3 concentration in the INVc, as the K33M (kinase-inactivating) mutation in NEK8 rescues both ANKS6 and NPHP3 INVc localization to WT-like densities in NEK8-KO cells (Supplemental Figures S50 and S51). An interaction between NEK8 and NPHP3, or a NEK8-dependent interaction between ANKS6 and NPHP3, is also not affected by the *JCK* (juvenile cystic kidney) mutation in the RCC1 domain of NEK8 (G448V), as JCK-NEK8 also completely rescues NPHP3 localization in the INVc in NEK8-KO cells (Supplemental Figure S51). GFP-NEK8-K33M and JCK INVcs were also measured by SIM to confirm that these mutations in NEK8 did not affect ANKS6 and NPHP3 sequestration (summarized in Supplemental Figure S52; additional reconstructions provided in Supplemental Figures S53--S58). On the basis of our measurements of the kinase-dead NEK8 allele, we conclude that kinase activity of NEK8 is not required to assemble the INVc, though it may be important for compartment function.

DISCUSSION
==========

A new model for the structure and composition of the INVc
---------------------------------------------------------

On the basis of the INVc measurements presented here, we propose a new model for the structure and composition of the INVc. 3D SM SR imaging revealed that the INVc is composed of a novel fibrilloid substructure ([Figures 2](#F2){ref-type="fig"} and [6A](#F6){ref-type="fig"}). From our genetic dissection of the compartment ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), we conclude that a complete INVc containing INVS, ANKS6, NEK8, and NPHP3, as observed in WT RPE1 cells, is assembled by three epistatic relationships: 1) INVS binds ANKS6-NEK8 complexes; 2) NEK8 plays an important role in establishing a high density of ANKS6-NEK8 complexes within the compartment ([Figure 4](#F4){ref-type="fig"}), though it is dispensable for tethering ANKS6 to INVS (Supplemental Figure S35); and finally 3) high-density ANKS6-NEK8 complexes localize and concentrate NPHP3 in the INVc ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). These three relationships determine the final composition of the INVc and therefore also the composition of fibrilloids ([Figure 6B](#F6){ref-type="fig"}).

![A new model for the structure and composition of the INVc. (A) 3D SM SR reconstructions of INVS (left) suggest that the INVc is composed of fibrilloid substructures. Based on these data, a schematic of a cilium with an INVc, which is composed in this example of three fibrilloids (green) that are aligned roughly parallel along the axoneme (magenta), is shown. (B--G) Illustrations of the structure and composition of the INVc at various levels of detail and in different genetic contexts (C--F). Each INVc protein is shown in following colors: INVS (red), ANKS6 (blue), NEK8 (green), and NPHP3 (yellow). In the highest-resolution illustrations, each INVc protein is illustrated with some structural details pertaining to predicted protein domains within each molecule (defined in G). (B) A possible model for fibrilloid composition based on the order of dependence for the assembly of the four INVc proteins in the compartment. The 1:1:1:1 stoichiometry for all INVc proteins shown here is symbolic, and the relative positions of the circular molecules in the middle-resolution illustration are intentionally ambiguous as to whether each fibrilloid is a heteropolymer of all or some INVc proteins or a homopolymer, consisting for example of INVS only, on which ANKS6-NEK8 and NPHP3 then assemble (see Supplemental Figure S59 for candidate polymer models). In the highest-resolution illustrations (bottom), NPHP3 associates directly with the ciliary membrane via its N-terminal myristoylation, and ANKS6--NEK8 complexes link NPHP3 to INVS. (C) Illustrations of a cilium in a WT cell in which the INVc is a fibrilloid structure composed of INVS, ANKS6, NEK8, and NPHP3. Three fibrilloids are shown in the more detailed illustration (top left). Two fibrilloids are shown in the simplified illustration (top right), where ANKS6 and NEK8 are together represented in cyan. INVS is the core organizer and is illustrated here as being more directly associated with the axoneme. (D) A cilium in an NPHP3-deficient cell. The INVc is still present and structurally unaffected by loss of NPHP3. (E) A cilium in an ANKS6- or NEK8-deficient cell in which GFP-INVS expression has rescued compartment formation. The INVc contains INVS, which we expect still forms fibrilloids. Ciliary NPHP3 density is reduced, and NPHP3 is not sequestered in the INVc, but rather relocalized throughout the ciliary volume. The failure of INVS to sequester NPHP3 is due to the loss of the ANKS6--NEK8 complex that is predicted to link these two proteins physically, based on our measurements of NPHP3 localization in ANKS6-KO or NEK8-KO cells stably expressing GFP-INVS. (F) A cilium in an INVS knockout cell. No INVc is present. NPHP3 is reduced and found throughout the cilium, albeit at a low density, similar to that observed for ANKS6- or NEK8-deficient cells. (G) Schematic of the protein domains and motifs present in the four INVc proteins as cartooned in panels B--F. All four proteins are oriented left to right from N- to C-terminus. The INVS protein contains an ankyrin repeat domain (ARD) consisting of 16 ankyrin repeats, two D-boxes (known to bind APC; [@B26]), a bipartite NLS ([@B32]), two IQ domains (known to bind calmodulin; [@B62]), and a C-terminal ninein-like domain (NLD) that is important for centriolar targeting of INVS ([@B45]) ANKS6 contains an N-terminal ARD with 11 ankyrin repeats, followed by a serine-rich patch and a C-terminal SAM domain. The ANKS6 ARD likely mediates an interaction with NEK8 through the N-terminal NEK8 kinase domain (KD; [@B8]). NEK8 contains a C-terminal RCC (regulator of chromatin condensation) domain, which is predicted to fold into a propeller structure and is important for mediating an interaction of NEK8 and INVS ([@B64]; [@B8]). The N-terminus of NPHP3 is myristoylated (Myr.), which could insert in the ciliary membrane ([@B59]; [@B28]; as illustrated in panel B). NPHP3 also contains a coiled-coil domain (amino acids 83--207), which may be important for targeting NPHP3 to the basal body ([@B28]). The C-terminus of the NPHP3 contains at least 11 tetratricopeptide repeats (TPR). The first 200 amino acids of NPHP3 localize to the cilium ([@B59]) but fail to be sequestered in the INVc (Supplemental Figure S37), suggesting that the interaction between NPHP3 and ANKS6 or NEK8 is either through the TPR repeats or through some other domain present in the C-terminus of the protein (amino acids 201--1330).](mbc-31-619-g006){#F6}

The lengths of GFP-INVS--positive compartments in ANKS6-KO, NEK8-KO, and NPHP3-KO cells are similar to those in WT and INVS-KO cells expressing GFP-INVS ([Figure 3B](#F3){ref-type="fig"}; quantified in Supplemental Figure S27C). As we have so far only detected fibrilloid compartment substructures, we expect that an INVc of WT length and density must be built of fibrilloids. Thus we conclude that INVS is likely competent to form fibrilloids independent of NEK8, ANKS6, or NPHP3, favoring a model in which INVS is the major determinant of INVc length. This model is further supported by the increase in compartment length driven by an increase in ciliary INVS in cells expressing GFP-INVS compared with endogenous INVS ([Figure 1, E and F](#F1){ref-type="fig"}, and Supplemental Figure 11C).

The relationships governing INVc composition are illustrated in [Figure 6](#F6){ref-type="fig"}, where an ANKS6-NEK8 complex physically links INVS to NPHP3 in WT cells ([Figure 6, B and C](#F6){ref-type="fig"}). Loss of NPHP3 does not interfere with the binding of the ANKS6-NEK8 complex to INVS ([Figure 6D](#F6){ref-type="fig"}). Loss of ANKS6 or NEK8 uncouples NPHP3 from INVS, though some NPHP3 is still found in the cilium ([Figure 6E](#F6){ref-type="fig"}), similarly to its distribution in INVS-KO cells ([Figure 6F](#F6){ref-type="fig"}). In this model the stoichiometry of the NEK8-ANKS6 complex is represented as 1:1, based on efficient copurification of these factors and mass spectrometry data (unpublished data), though the exact ratio has yet to be determined. INVS is shown associating more closely with the axoneme, as this protein has been shown previously to bind to microtubules ([@B29]). NPHP3 is shown anchored to the ciliary membrane via myristoylation of the N-terminus of this protein which is important for its localization to cilia ([@B59]; [@B28]; [@B27]).

New insights into the morphological variation of the INVc revealed by a fibrilloid model
----------------------------------------------------------------------------------------

At the onset of this study, the variation in compartment length measured here and previously reported ([@B45]; [@B40]) and the variation in compartment density were intriguing morphological properties of the INVc. A fibrilloid substructure provides a structural basis for variation in both INVc length and density. In a fibrilloid model, a combination of individual fibrilloid lengths and how these structures are arranged in parallel (ends aligned in denser and shorter compartments or ends offset to establish extended compartments) could establish compartments of different lengths (Supplemental Figure S59A). The number of fibrilloids and how tightly they pack next to each other could build compartments of varying density (Supplemental Figure S59, B and C). Compartment density could also be influenced by the density of individual fibrilloids (Supplemental Figure S59D). These models provide a mechanism by which INVc length (fibrilloid length) and INVc protein density (fibrilloid number) are established independently. Owing to the structural (dye molecules displaced from the protein of interest by the length of up to two antibodies) and stoichiometric properties (INVc protein:1° antibody:2° antibody) of indirect immunolabeling, it is unclear how precisely our reconstructions capture fibrilloid substructure. Notably, we cannot determine whether the gapped clustered appearance of fibrilloids in 3D SM SR reconstructions (60-nm clusters separated by 40-nm gaps) truly represents underlying clusters of spaced proteins organized by an unidentified ciliary factor (Supplemental Figure S59D, model II), or rather a continuous structure (Supplemental Figure S59D, model I) that appears discontinuous only in the reconstructions.

We measured compartments in fixed cells only. Live-cell experiments recording INVS fluorescent fusion proteins suggest that, once assembled, the length of the INVc does not vary over a period of up to 90 min ([@B41]) and that GFP-INVS recovers from photobleaching of a 250--500--nm segment of the compartment within 60 s ([@B45]). Together these results suggest that, while total INVc length is not a dynamic property on short (minute to hour) time scales in unperturbed cilia, individual INVS molecules do not occupy fixed positions, but are instead dynamically exchanging at a time scale on the order of seconds. The rate of recovery from photobleaching suggests an intracompartment mobility of 14 nm/s, which is much slower than either diffusion of proteins in the membrane or IFT. Intracompartmental INVS protein dynamics is therefore distinct from the other known modes of protein transport in the primary cilium. Notably, fast positional turnover for INVS suggests that the fibrilloids may not be stable, long-lived structures but either dynamic arrangements, which may assemble and disassemble within minutes, or an unidentified structure upon which INVS complexes dynamically assemble and disassemble.

Known structural features of INVc proteins and possible contributions to INVc composition
-----------------------------------------------------------------------------------------

Generally, the structural features present in the four INVc proteins (diagrammed in [Figure 6G](#F6){ref-type="fig"}) do not currently inform a mechanism by which these proteins would assemble a fibril-like structure. The model we propose for INVc composition at the subfibrilloid level ([Figure 6B](#F6){ref-type="fig"}) relies on several INVc protein interaction features published by other groups.

The SAM domain of ANKS6 is the only established oligomerization domain present in an INVc protein. Although some SAM domains have been shown to form extensive oligomers in vitro ([@B18]), it is unclear whether an ANKS6-based SAM polymer provides the structural basis of the INVc because the ANKS6 SAM domain fails to polymerize in vitro ([@B18]), ANKS6 proteins deleted in the SAM domain still localize to the INVc ([@B8]), and we show here that GFP-INVS still forms an INVc in ANKS6-KO cells.

Reciprocal pull downs of two different exogenously expressed INVS fusion proteins suggest that INVS proteins can self-associate ([@B51]). This raises the intriguing possibility that INVS may form oligomers. Future structural and biochemical studies of INVS may determine whether INVS can polymerize outside the axoneme, although the fibrilloid structures that we observed by 3D SM SR microscopy may require both the axoneme and the ciliary membrane, and possibly some additional unidentified ciliary factor.

Like INVS, NEK8 has been shown to self-associate by reciprocal pull downs of NEK8 fusion proteins ([@B7]). While NEK8 homooligomerization is likely dispensable for fibrilloid formation, as GFP-INVS forms compartments efficiently in NEK8-KO cells, it may provide a mechanism by which NEK8 raises the concentration of ANKS6 and NPHP3 in the INVc. The domain that mediates NEK8 self-association, and therefore potentially also the concentrator function of NEK8, has yet to be identified.

The kinase activity of NEK8 has been established previously by in vitro kinase assays ([@B64]; [@B7]; [@B8]). NEK8 is the only INVc protein with demonstrable enzymatic activity, and, as kinases play important regulatory roles in many signaling pathways, the concept of a NEK8-driven signaling compartment has been an attractive model for the molecular function of the INVc. We show here that, although NEK8 is required for ANKS6 concentration and NPHP3 tethering, NEK8 kinase activity is dispensable for either of these functions (Supplemental Figures S50--S52). NEK8 therefore plays an important structural role in INVc assembly, independent of its kinase activity. This structural role of NEK8 in regulating INVc composition may be upstream of an important signaling event that does require NEK8 kinase activity. Two ciliary NEK8 substrates have been identified: PC-2 and ANKS6. PC-2, an ion channel and major genetic determinant in polycystic kidney disease, has been shown to be phosphorylated in a NEK8-dependent manner ([@B48]) and is an intriguing candidate for an INVc effector in the kidney. ANKS6 is not only a NEK8 interactor and activator, but also very likely a substrate that could have an unidentified role in an important cell signaling pathway ([@B8]; [@B27]). Recently, the G2A-NPHP3 mouse model for cystic kidney disease demonstrated that phosphorylation of ANKS6 by NEK8 was impaired in the G2A mouse, suggesting that NPHP3, while dispensable for INVc formation, is critical for INVc function and also that colocalization of ANKS6, NEK8, and NPHP3 in the INVc is necessary for this signaling event ([@B27]).

Results from the G2A mouse are consistent with our structural model, which suggests that the primary function of the INVc could be to establish a scaffold that both sequesters and concentrates ciliary NPHP3 ([Figure 6, C--F](#F6){ref-type="fig"}). We are intrigued by the possibility that NPHP3, as the most downstream protein to assemble in the compartment, might be a potential effector of the compartment. Importantly, persistent cytogenesis in the G2A-NPHP3 mouse ([@B27]) confirms that a functionally competent INVc contains myristoylated NPHP3. Future studies aiming to identify the molecular function of the INVc should consider how NPHP3-dependent phosphorylation of ANKS6 ([@B27]) might prevent kidney cytogenesis, and whether NPHP3 could also regulate an unidentified ciliary protein that is important for disease-relevant ciliary signaling.

Conclusion
----------

Our results provide a new model of the INVc featuring unprecedented molecular detail on both INVc substructure and how the four INVc proteins are arranged within the compartment. The structural functions that we have detailed for the four INVc proteins have the potential to inform future cell-biological studies of the regulation of the INVc: for example, 1) how might calcium signaling and APC ([@B26]) or Akt ([@B51]) activity signal through INVS to affect fibrilloid structure and association with the ANKS6-NEK8 complex? 2) What signals might affect the concentrator function of NEK8 and ANKS6? 3) Are INVc fibrilloids organized and assembled by an unidentified ciliary or axonemal structure? 4) Finally, how might these fibrilloids interact with other ciliary molecules and pathways? More broadly, the structure we report here may also provide insights into other subcellular structures built from proteins with structural similarities to INVc proteins, or possibly INVc proteins in other subcellular compartments. How the distinctive compartmentalization of these four proteins achieved by this unique fibrilloid structure contributes to the functional significance of the INVc, for example, in establishing left--right asymmetry during development or protecting healthy kidneys from cyst formation, remains an open question for the field of ciliopathy research.

MATERIALS AND METHODS
=====================

Cell culture
------------

RPE1 cells were maintained in DMEM/F12 (12400024, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (100-106, Gemini), 1X GlutaMAX (35050-079, Thermo Fisher Scientific), and 100 U/ml penicillin--streptomycin (15140163, Thermo Fisher Scientific) at 37°C in 5% CO~2~. Cells were consistently passaged every 2--3 d to prevent their reaching confluency during maintenance. Cell lines used in this study tested negative for mycoplasma by PCR ([@B37]). For microscopy experiments, cells were grown to confluency and serum-starved in DMEM/F12 supplemented only with penicillin--streptomycin and GlutaMAX for 24 h to induce ciliation.

Cloning GFP expression vectors
------------------------------

Expression vectors for lentiviral transduction were generated by Gateway cloning (Invitrogen) using the BP (11789-100, Invitrogen) and LR (11791-100, Invitrogen) clonase reactions according to the manufacturer's instructions. The K33M and G448V mutations in NEK8 were introduced by Quickchange site-directed mutagenesis reactions (200521, Agilent) of the entry clone containing mNEK8 cDNA. The vectors and primers used in this study are listed in Supplemental Tables S1 and S2.

Generation of GFP stable cell lines
-----------------------------------

Stable cell lines expressing GFP-tagged proteins were generated using lentivirus. Lentivirus carrying genes of interest were produced by cotransfecting 293T cells in a six-well dish (24 h after seeding 2 × 10^5^ cells/well) with 150 ng of pCMV-VSV-G, 350 ng of pCMV-dR8.2 dvpr, and 500 ng of pWPXLd expression vector containing the gene of interest (1 µg DNA total) and 3 μl of Fugene 6 (E2692, Promega). Media were replaced 6--24 h after transfection to omit transfection reagent, and virus was harvested 48--72 h posttransfection. RPE1 cells were infected 24 h after seeding 5 × 10^4^ cells per well of a six-well dish with fresh viral supernatant filtered with a 0.45-μm PVDF filter (SLHV013SL, Millipore) and mixed with a fourfold volume of fresh medium containing 12.5 μg/ml polybrene (TR-1003-G, Millipore). After infection for 72 h, cells were selected with 10 µg/ml blasticidin, sorted for GFP-positive cells on a BD Digital Vantage sorter with 488-nm laser excitation, and subsequently maintained in 10 μg/ml blasticidin. The vectors used in this study are listed in Supplemental Table S1.

Generation of knockout cell lines using CRISPR-Cas9
---------------------------------------------------

To generate knockout cell lines, RPE1-Cas9-BFP cells ([@B17]) were infected with lentivirus carrying a single guide RNA (sgRNA) targeted to an exon of the target gene in the pMCB306 vector. After selection with 10 μg/ml puromycin, the sgRNA--puromycin resistance--EGFP cassette was removed by infecting cells with adenovirus carrying Cre-recombinase (1045, Vector BioLabs) at a multiplicity of infection of 50. At 10 d after adenovirus infection, GFP-negative single cells were sorted using FACSaria (BD). Single-cell clones were expanded and subjected to genomic DNA PCR combined with TIDE analysis ([@B5]) as well as screening by IF. Clones with loss of ciliary protein were considered effective knockouts. It should be noted that by these methods, the cell lines generated might express truncated forms of the targeted proteins. ANKS6-KO clones were screened by IF with anti-ANKS6. NPHP3-KO clones were screened by IF with anti-NPHP3. INVS-KO clones were screened both by TIDE to confirm biallelic frame shift mutations and also for loss of ciliary INVS by IF with anti-INVS. NEK8-KO clones were screened by TIDE and also by loss of ciliary ANKS6 that could be rescued by expression of GFP-NEK8.

To reduce the possibility that phenotypes observed in the knockout cells were due to off-target Cas9 editing or other clonal effects, mixed pools of knockout clones were created by combining single-cell clones as follows: the ANKS6-KO cell line was a combination of 10 single-cell clones, consisting of 4 clones edited by guide \#1 and 6 clones by guide \#4; INVS-KO was four single-cell clones all edited by guide \#1; NEK8-KO was seven single-cell clones, four clones edited by guide \#1 and three clones by guide \#2; the NPHP3-KO was five single-cell clones, one clone edited by guide \#1, three clones by guide \#2, and one clone guide \#3. The targeting sequences of guide RNAs and primers used in this study are provided in Supplemental Table S2. The vectors used in this study are listed in Supplemental Table S1.

Immunofluorescence for diffraction-limited microscopy
-----------------------------------------------------

For conventional IF experiments using DLM, cells were grown to confluency on glass coverslips, serum-starved for 24 h to induce ciliation, and then fixed at room temperature using a 4% PFA solution prepared in 1X phosphate-buffered saline (PBS; Supplemental Figure S1A). After fixation, coverslips were stored up to 1 wk in PBS at 4°C before staining, though typically prepared within 1 d. For IF, samples were washed in PBS, blocked in 5% normal serum prepared in IF buffer (IFB; composition 3% BSA, 0.1% NP40, 0.0125% sodium azide in PBS) for 30--60 min. Samples were rinsed in IFB and then stained with primary antibodies diluted in IFB for 2--4 h (see Supplemental Table S3 for specifications and dilutions of the antibodies used in this study). Samples were washed five times in IFB (5-min incubations for the middle two washes) and then stained with fluorescent secondary antibodies (1 µg/ml each, Supplemental Table S4) and DAPI (0.1 µg/ml) for 30--60 min. Samples were washed twice with IFB and four times with PBS, and then briefly dried by wicking away residual PBS and mounted on a glass microscope slide with FluoromountG (Southern Biotech). All incubations of fixed samples were performed at room temperature and protected from light. Prepared slides were stored at 4°C, protected from the light, and imaged within 1 wk.

Antibodies
----------

The specifications and concentrations of primary and secondary antibodies used in this study are provided in Supplemental Tables 3 and 4, respectively.

Image acquisition for diffraction-limited microscopy
----------------------------------------------------

Diffraction-limited images were acquired on an Everest workstation (Intelligent Imaging Innovations) equipped with a Zeiss AxioImager Z1 microscope, a 63× NA1.4 Plan-Apochromat objective lens (420780-9900, Zeiss), and a CoolSnapHQ cooled CCD camera (Roper Scientific; Supplemental Figure S1B). Replicate coverslips were prepared for each sample, and at least five images were captured for each coverslip. Within an experiment, each channel was imaged with consistent exposure times and instrument settings. To avoid camera saturation, exposure times were chosen so that the pixel intensities for Alexa Fluor--labeled structures were typically around 30% of the camera's dynamic range. To reduce photobleaching, exposure times for structures that were detected by native GFP fluorescence were limited such that they typically yielded pixel intensities around 5--10% of the dynamic range.

Quantitative diffraction-limited microscopy workflow for measuring cilia and INVc length, density, and frequency
----------------------------------------------------------------------------------------------------------------

Owing to the observed variation in INVc frequency and INVc length in RPE1 cells, we decided to minimize stochastic sampling error by using a medium-throughput quantitative microscopy approach to compare INVc measurements for many cilia in each sample. Throughout this study, cilia and INVcs were measured by analyzing images of fluorescently labeled samples acquired by DLM using a semiautomated workflow in MATLAB. As outlined in Supplemental Figure S1, C and D, our custom MATLAB scripts first store indexed images of cilia to measure cilium length and ciliary protein density and then, based on user input, also measure INVc length and density. Supplemental Figures S1--S2 provide diagrams and definitions for each of the parameters measured. This approach allows quantitative comparisons of gross ciliary and INVc morphologies between different samples by plotting stitched images of many cilia (cilia plots) and by box and bar plot representations of the distribution of INVc protein densities (boxplot) and INVc frequency (bars) in that sample (Supplemental Figure S1F). For DLM images presented within a single figure panel (cilia plots), each marker (IF-labeled protein or GFP fusion protein) was imaged with the same illumination settings, and the image intensities (contrast) were adjusted to the same range for the final rendering of the image. MATLAB codes used for image processing and measurements of DLM images will be provided upon request.

Diffraction-limited microscopy image processing
-----------------------------------------------

Images were exported from SlideBook (Intelligent Imaging Innovations) as separate tiff files for each channel. For each experiment, images were then imported into MATLAB and indexed and stored for each sample in a structural array. Images were converted to a grayscale format with pixel intensities ranging from 0 to 1. The upper bound input for this conversion was defined by the bit depth of the original image to preserve the raw intensity ranges of each image; for 12-bit images, *converted image = mat2gray(original image, \[0 4096\]).* Subsequent image measurements were performed on these normalized grayscale images. Multichannel images were registered in MATLAB image by image to correct for random shifts between channels introduced by our DLM imaging system.

Cilia identification
--------------------

Image contrast settings both for identifying and for masking cilia were determined in MATLAB. Contrast adjustments ensure more accurate threshold-based masking by setting a lower bound that would eliminate (set pixel intensity to 0) weakly stained background structures and an upper bound that would make the cilia readily visible (brightest pixels to 1). The same contrast settings were then applied to all images to be compared within the experiment. Contrast-adjusted images, typically containing only the ciliary markers to prevent INVc selection bias, were exported as TIFFs for cilia annotation. Cilia were annotated with the rectangular selection tool in FIJI, which was preferred over MATLAB for this step for accessibility and ease of use. The bounding box, or coordinates, for each rectangular selection in an image was exported as a csv file, which was then imported into MATLAB.

Cilia masking
-------------

Cilia masks were generated automatically by thresholding the contrast-adjusted images of the ciliary marker (AcTub or ARL13B). In experiments where two ciliary markers were used, ciliary masks were made from the sum of the two channels. The optimal masking threshold was initially determined by trial and error; however, because the pixel intensities of each image were normalized, and the contrasts were adjusted consistently to best represent cilia according to an experienced user's eye, the same threshold (0.3) was used for most of the experiments presented in this study. Mask accuracy was assessed in each experiment by generating cilia plots showing the mask (Supplemental Figure S3D).

Subcompartment (INVc) masking
-----------------------------

The INVc was masked manually for all cilia of a specified sample, using the cursor to draw around the region of interest with the *imfreehand* and *createMask* MATLAB functions. In samples that were detected by two INVc proteins, the mask was drawn around the region defined by at least one of the INVc protein channels.

Measurement of cilium and INVc length
-------------------------------------

For DLM images, both ciliary length and INVc length were calculated as half the mask perimeter (*regionprops, "Perimeter"* property) and converted to µm or nm.

Measurement of cilia and INVc density
-------------------------------------

The mean pixel intensity values within cilia or INVc masks, measured using the (*regionprops, "meanintensity"* property) function in MATLAB, were interpreted in this study to represent ciliary or compartment protein densities for the protein detected in the channel measured within the masked region (illustrated in Supplemental Figure S2). To correct for nonuniform background signal, the mean pixel intensity of the local background is subtracted from each density measurement (Supplemental Figures S1D and S2C). We note that for GFP alleles detected by native GFP fluorescence, intensity measurements were direct readings of GFP protein density. For endogenous proteins detected by indirect IF with polyclonal antibodies, the measured fluorescence intensities may not correspond to the number of target proteins for several reasons: epitopes on the target protein may be variably accessible to the primary antibodies throughout the sample; the number of primary antibodies that bind to a single target proteins is unknown and may vary within the sample; similarly, the number of secondary antibodies that bind to each primary antibody is unknown and may vary within the sample; the number of fluorophores per secondary antibody is variable; immunoglobulin G (IgG) molecules are bivalent, but the spatial arrangement of epitopes in the sample may variably promote or prevent the binding of a single IgG molecule to more than one epitope-bearing protein; and finally the number of antibodies that can bind to a single protein of interest in the sample may be sterically hindered by the sample or limited by the sizes of the antibodies.

Additional image processing for diffraction-limited microscopy cilia plots
--------------------------------------------------------------------------

For making cilia plots, images were rescaled by a factor of 4 with bicubic interpolation to reduce pixilated appearance when cilia were rotated. Cilia were oriented vertically with the angle of rotation determined by the mask orientation (*regionprops, "orientation"* property) and cropped. Some cilia were then flipped automatically to attempt to orient cilia tip up based on which end of the image contained the highest pixel intensities for a specified "bottom-enriched" channel. This method worked well only when basal body marker was included as the bottom-enriched channel. Cilia orientation was corrected for all cilia shown in the main figures, but not in the supplemental figures. In most multichannel IF micrographs showing more than one cilium, each channel is shown with some *X*-axis displacement so that intensities and relative sizes of individual channels can be compared.

Immunofluorescence for structured illumination microscopy
---------------------------------------------------------

Samples for structured illuminated microscopy (SIM) were prepared in a manner similar to that for those for DLM ,with the following modifications: cells were grown on high-performance 18 × 18 mm 0.170 ± 0.005--mm glass coverslips (Zeiss). Incubations in primary antibody were 4--6 h, and samples were stained with secondary antibodies (2 µg/ml) for 2 h. Coverslips were mounted with Slowfade gold, dried for 20 min, and then sealed with clear nail varnish and stored at -20°C until imaging.

Image acquisition and processing for structured illumination microscopy
-----------------------------------------------------------------------

SIM experiments on samples labeled with AF488-, AF568-, and AF647-conjugated secondary antibodies were acquired on a DeltaVision OMX V4 system (488 nm \[100 mW\], 561 nm \[100 mW\], and 642 nm \[300 mW\] coherent sapphire solid state lasers; Evolve 512 EMCCD cameras \[Photometrics\]). SIM images were acquired with a 100× objective and stacks of 2.00-μm Z-steps were taken in 0.125-μm increments. Images were reconstructed and registered using SoftWorx 6.5.1 software, and registration settings were calibrated by the Cell Science Imaging Facility (Stanford). Reconstructions were then SUM projected in FIJI. Images were rotated to orient the cilia tips up. The contrast for each channel was adjusted to crop out low-intensity reconstruction artifacts such as ghosting and best display the protein of interest. The pixel intensities represented in SIM reconstructions should therefore not be compared between cilia. Images of individual cilia were rescaled to reduce the pixelated appearance when converting to different image types. Images of individual cilia were imported into MATLAB to make cilia plots.

Immunofluorescence for three-dimensional single-molecule superresolution imaging
--------------------------------------------------------------------------------

Samples for 3D SM SR imaging were prepared in a manner similar to that for samples for DLM with the following modifications: cells were grown in four-well chambered coverslip µ-Slides (Ibidi, 80426). At 24 h before serum starvation, fluorescent beads (TetraSpeck, T7280, 0.2 µm, Invitrogen, diluted 1:5000) were added to each well to allow the cells to internalize them. Cells were blocked for 1 h and incubated in primary antibody staining solution for 4 h and secondary staining solution for 2 h. Following secondary staining and IFB and PBS washes, cells were postfixed in 4% PFA for 10 min to immobilize antibodies and then washed and stored in PBS at 4°C until imaging (usually the next day). Primary and secondary antibodies were used at a final concentration of 2 µg/ml, with the exception of some ANKS6 reconstructions (primary: 0.2 µg/ml). These labeling conditions resulted in high labeling specificity for all antibodies used, as demonstrated in the diffraction-limited images of labeling controls shown in Supplemental Figure S20.

Optical setup for 3D SM SR imaging
----------------------------------

The optical setup was built around a conventional inverted microscope (IX71, Olympus) as described previously ([@B12]). Illumination lasers (560 and 647 nm, both 1000 mW CW, MPB Communications) were spectrally filtered (560 nm: ff01-554/23-25 excitation filter; 647 nm: ff01-631/36-25 excitation filter, both Semrock), circularly polarized (LPVISB050-MP2 polarizers, WPQ05M-561 and WPQ05M-633 quarter-wave plates, all Thorlabs), and expanded and collimated using lens telescopes. The toggling of the lasers was controlled with shutters (VS14S2T1 with VMM-D3 three-channel driver, Vincent Associates Uniblitz) and synchronized with the detection optics via MATLAB. Both lasers were introduced into the back port of the microscope through a Köhler lens to allow wide field epi-illumination.

The sample was mounted on a coarse *xy* translation stage (M26821LOJ, Physik Instrumente) and a precision *xyz* piezoelectric stage (P-545.3C7, Physik Instrumente). The light emitted from the fluorophores was detected by a high NA detection objective (UPLSAPO100XO, 100×, NA 1.4, Olympus) and spectrally filtered (Di01-R405/488/561/635 dichroic, Semrock; ZET561NF notch filter, Chroma; ZET647NF notch filter, Chroma; 561 EdgeBasic long-pass filter, Semrock; and ET605/70 bandpass filter, Chroma, for red detection and ET700/75m bandpass filter, Chroma, for far red detection). The emission produced an intermediate image by the microscope tube lens before entering a 4*f* imaging system. The first lens of the 4*f* system (*f* = 90 mm, G322389000, Qioptiq) was positioned one focal length from the intermediate image plane. To create a two color--channel 4*f* system, a dichroic mirror (T660lpxrxt, Chroma) was inserted after the first 4*f* lens to transmit far red light into the first light path and reflect light with wavelengths shorter than 660 nm into the second light path. In the planes one focal length after the first 4*f* lens (the Fourier planes of the imaging paths), the phases of the emitted light were modulated to reshape the point spread function (PSF) to encode the axial position of the emitter using transmissive dielectric double-helix (DH) phase masks (615 nm for the green channel, 686 nm for the red channel, 2.7 mm diameter, both Double-Helix Optics). After phase modulation, the light was focused by second 4*f* lenses and imaged using two EM-CCD cameras (iXon DU-897E and iXon DU-897U, Andor).

3D SM SR imaging
----------------

For diffraction-limited imaging, cells were imaged in PBS using low-power 560-nm or 647-nm excitation (∼1 W/cm^2^). For 3D SM SR imaging, the PBS was replaced by a reducing and oxygen-scavenging buffer ([@B13]) optimized for dSTORM blinking comprising 100 mM Tris-HCl (Invitrogen), 10% (wt/vol) glucose (BD Difco), 2 µl/ml catalase (C100, Sigma-Aldrich), 560 µg/ml glucose oxidase (Sigma-Aldrich), and 10 mM cysteamine (Sigma-Aldrich). For two-color imaging, the buffer was also supplemented with 143 mM β-mercaptoethanol (Sigma-Aldrich). For all single-molecule measurements, the sample was excited either by ∼10 kW/cm^2^ 647-nm light or by ∼15 kW/cm^2^ 560-nm light and imaged using an exposure time of 35 ms and a calibrated EM gain of 184. Sample drift was measured using fiducial beads (TetraSpeck, 0.2 µm, Invitrogen) in the sample and removed during postprocessing. After each imaging experiment, at least 300 dark frames were acquired when the shutter of the camera was closed. The mean of these dark frames was subtracted from the images before analysis. To facilitate calibration of the PSFs and registration between the two channels, beads (TetraSpeck, T7280, 0.2 µm, Invitrogen) on a coverslip were imaged when scanning over a 2-µm axial range using the piezoelectric stage. For registration measurements, the beads were also translated in *xy* between scans to more densely sample the entire field of view. Custom scripts were written in MATLAB to synchronize the laser shutters, image acquisition on the camera, and translation by the piezoelectric stage for these calibration and registration scans.

Analysis of 3D SM SR data
-------------------------

Calibration, registration, and fitting of single-molecule and fiducial bead images acquired using the DH-PSF was performed using the open-source Easy-DHPSF software version 2.0 ([@B19]; [@B1]; <https://sourceforge.net/projects/easy-dhpsf/>). When images of the DH-PSF were analyzed, the lobes of each PSF were fitted using nonlinear least-squares functions in MATLAB with a pair of identical radially symmetric two-dimensional Gaussians as the objective function. The localization precision was calculated using the calibration described previously ([@B9]). To obtain an estimate of the number of dye molecules per cluster in the fibrilloids, a correction for overcounting was applied as follows: localizations that were found within a three-frame sequence and within a distance of 27.3 nm were treated as one dye molecule.

The data used for image reconstruction were filtered to remove localizations with too large or small distance between lobes, *d*~lobe~ (5.3 px \< *d*~lobe~(green) \< 7.5 px and 5.8 px \< *d*~lobe~(red) \< 7.2 px, 1 px = 160 nm), and *x* or *y* localization precision larger than 30 nm. This resulted in median localization precisions in the ranges 6--13 nm and 9--19 nm in *xy* and *z*, respectively (see Supplemental Figures S18 and S19). The localizations were rendered using the Vutara SRX software from Bruker, where each localization was represented by a 3D Gaussian with a diameter of 25 nm and an opacity set to show the localization density.

Reconstructions from the two-color 3D SM SR experiments in this study were manually overlaid to correct for nanoscale residual shifts after registration of the two channels. This was acceptable for two-color experiments measuring the axoneme and INVc, where small misalignments (\<50 nm) would not change the interpretation of the data ([Figure 2A](#F2){ref-type="fig"}; Supplemental Figure S21, C and D).

The total INVc length, the length of individual fibrilloids (Supplemental Figure S21J), and the number of fibrilloids per cilium (Supplemental Figure S21I) were estimated manually from the 3D reconstructions. Ambiguous cases were not counted as fibrilloids, and the fibrilloid length estimation was stopped at gaps in a fibrilloid. Not counting ambiguous cases might have caused an underestimation of the total number of fibrils due to insufficient dye label density. The requirement of continuity of localizations for fibrilloid estimation might, on the other hand, have caused both an overestimation of the number of fibrilloids and an underestimation of the fibrilloid length.

Software used for image analysis: DLM epifluorescence microscopy---FIJI, MATLAB; SIM experiments---SoftWorx, FIJI, MATLAB; and 3D SM SR microscopy---Easy-DHPSF, FIJI, MATLAB.

Statistical analyses
--------------------

### Box plots.

Box-and-whisker plots were used to represent the distribution of ciliary protein densities measured in a ciliary mask ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Box-and-whisker features represent the following statistics (outlined in Supplemental Figure S1F): red line, median; box edges, 25th and 75th percentiles; whiskers, 5th and 95th percentiles; "outlying" data points in the bottom 5% and top 95% of the data were plotted as "*x*." In some figures the scale of the axis on which the box was plotted did not include all outliers.

### Box--bar plots.

Box plots (described above) were plotted on top of a horizontal bar plot. Bars were plotted on an independent axis from the box plot, ranging from 0 to 100%. Bar length represented the percentage of cilia that contained visible INVcs. INVc-positive cilia were determined subjectively (user-defined). Cilia were considered INVc-positive if they contained INVS, ANKS6, or NEK8, irrespective of subcompartment length or density. NPHP3-positive cilia, in samples where NPHP3 was the only INVc protein measured, were scored as containing an INVc only if the NPHP3-positive region was relatively high in density (bright) and localized in the proximal cilium. These criteria likely underestimate the presence of NPHP3-positive INVcs in NEK8-KO cells where INVS and ANKS6 staining confirmed that 10--20% of cilia contained low-density compartments, but also potentially ignores NPHP3 inversin-like compartments in INVS-KO and ANKS6-KO cells.

### Pearson's correlation.

The correlation between the densities of two INVc proteins measured in a user-defined compartment mask (as in [Figure 4](#F4){ref-type="fig"}) was calculated using the *corr* function in MATLAB: *\[r, p\] = corr(X,Y)*. The variable *X* is a list of the INVc protein density measurements for one protein, and *Y* lists the INVc protein--density measurements in the same compartments for the second protein. The resulting *r* value is the Pearson linear correlation coefficient between *X* and *Y*, and *p* is a probability value for testing the null hypothesis that *X* and *Y* are not correlated. Pearson's *r* values are interpreted as follows: *r* = --1, *X* and *Y* are anti-correlated; *r* = 0, no correlation; and *r* = 1, perfect correlation. Here we considered *p* \< 0.05 to indicate confident rejection of the null hypothesis, supporting the result that the densities of the two INVc proteins with positive *r* values were significantly correlated, and *r* \> 0.5 to represent a biologically meaningful positive correlation.

### *t* test of statistical significance.

For comparisons between two different samples, the probability value *p* was calculated for a two-tailed *t* test using the *ttest2* function in MATLAB: *\[h, p\] = ttest2(X,Y)*. The variable *X* is a list of the measurements for one sample, and *Y* lists measurements of the same parameter for a second sample. We considered *p* \< 0.05 to indicate confident rejection of the null hypothesis (*h* = 0).
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3D SM SR

:   three-dimensional single-molecule superresolution

ANKS6

:   ankyrin repeat and SAM domain containing protein 6

DLM

:   diffraction-limited microscopy

dSTORM

:   direct stochastic optical reconstruction microscopy

gINVc

:   genes encoding pINVc

IF

:   immunofluorescence

IFT

:   intraflagellar transport

IMCD

:   inner medullary collecting duct

INVc

:   inversin compartment

INVS

:   inversin

NEK8

:   NIMA-related kinase 8

NPHP

:   nephronophthisis

pINVc or INVc protein

:   known proteins that localize to the inversin compartment NVS, ANKS6, NEK8, NPHP3

RPE

:   retinal pigmented epithelium

SIM

:   structured illumination microscopy

TZ

:   transition zone.
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